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Abstract 

A series of small fine-grained and single-crystal bars, with strain from 0% (recrystallized) to 

50%, were given different amounts of chemical polishing.  Four-point resistivity () data was 

used to characterize the electron scattering from dislocations, hydrogen, and any other trace 

contaminants.  As noted by previous studies, annealed Nb displayed a weak linear increase of 

(11 K) with polishing time due to hydrogen absorption, and bulk hydrogen concentration did 

not exceed 15% for 200 µm metal removed.  Cold-worked samples displayed steeper slopes with 

polishing time (after subtracting resistivity due to strain alone), suggesting that dislocations assist 

the absorption of hydrogen during polishing.  Absorption accelerated above 30% strain and 100 

µm material removal, with room-temperature hydrogen concentration rising rapidly from 2% up 

to 5%.  This threshold is significant, since superconducting radio-frequency (SRF) cavities are 

usually polished as-formed, with >35% strain, and polishing removes >150 µm of metal.  

Resistance jumps between 40 and 150 K, which signal the formation of hydride precipitates, were 

stronger in cold-worked samples, suggesting that dislocations also assist precipitate nucleation.  

High-vacuum anneals at 800 °C for 2 hours, which are known to fully recrystallize cavity-grade 

niobium and de-gas hydrogen, removed the 40–150 K jumps and recovered the resistivity 

increase due to chemical polishing entirely.  But, about 30% of the resistivity increase due to cold 

work remained, possibly due to residual dislocation clusters.  Continued annealing only facilitated 

the diffusion of surface impurities into the bulk and did not recover the initial 0% state.  Strain, 

polishing, and annealing thus appear to combine as irreversible paths that change the material.  

Bearing this in mind, the significant difference in hydrogen uptake between annealed and cold-

worked samples suggests that annealing SRF cavities prior to chemical polishing could greatly 

reduce hydrogen uptake and storage in the metal, reducing risk of quality-factor loss. This inverts 

key steps of the present widely-used cavity processing sequence. 

 

 

1. Introduction 

Niobium superconducting radio-frequency (SRF) cavity 

technology enables high-power and high-gradient linear 

accelerators. An industrial art has become well established, 

and its present methodology can produce a high yield of 

cavities at accelerating gradients EA above 25 MV/m and 

with quality factors Q above 1 × 10
10

 at 2.0 K [1, 2, 3].  

Almost all cavities are made from recrystallized, fine-

grained niobium sheet, from which the resonating cells, 

spokes, and other components are formed by deep drawing 

and other cold working.  The specifications for this starting 

material [4] are rather stringent, including stipulations that 

interstitial impurity atom (C, N, O, and H) atomic 
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concentrations be less than ~200 ppm (30 mass ppm for O, 

C, N; 5 mass ppm for H), resulting in a residual resistivity 

ratio (RRR) of 300 or higher.  Assembly of components 

requires high-vacuum electron-beam welding to maintain 

material purity.  Likewise, many other aspects of the 

manufacturing process stress the maintenance of high 

purity and the reduction of sources of contamination.   

Once welded, chemical polishing is applied to 

improve the cavity quality factor Q, where either 

electropolishing (EP) or buffered chemical polishing (BCP) 

are the most popular techniques.  Over a decade ago, it was 

noted that Q increases with increased material removed up 

to ~200 µm [5, 6].  This correlation suggests that a 

―damaged‖ region of material is removed by polishing, 

which uncovers pristine metal for the final cavity inner 

surface.  The particular nature of the damage depends 

partly on cleaning procedures and quality control, since 

particulate, organic, or inorganic contaminants that are 

adhered to the surface can easily become incorporated into 

the near-surface region by mechanical deformation.  Even 

when cleaning is effective, the near-surface can still 

contain high populations of structural defects and 

dislocations as a result of friction with forming tools, 

which can promote increased contamination from external 

sources [7].  In any regard, aggressive chemical polishing 

to remove the damaged zone can introduce hydrogen into 

the metal as a by-product.  Cavities loaded with hydrogen 

in this manner sometimes exhibit ―Q-disease‖, a rapid 

falloff of Q(EA) from the onset of accelerating gradient [8, 

9, 10].  High-vacuum annealing, e.g. 800 °C for 2 hours at 

< 0.1 Pa, de-gases hydrogen from the metal and cures the 

Q-disease problem [8, 9].  These basic steps, chemical 

polishing followed by vacuum annealing, have been used 

for a majority of SRF cavities placed into service or studied 

scientifically.  

It is clear that chemical polishing alters the 

hydrogen content of the cavity material, and that these 

changes are undone, to some degree, by high-vacuum 

annealing.  But it is not clear to what degree forming and 

welding history affects hydrogen activity during 

subsequent chemical polishing or vacuum annealing.  

Moreover, many experiments to study chemical polishing 

in isolation use coupons taken from niobium sheets in the 

starting annealed condition.  By contrast, the deep drawing 

applied to cavity half cells is significant (sheet 

specifications call for minimum 35% elongation) and is 

rarely recovered before chemical polishing, so the material 

state actually undergoing chemical polishing in a cavity is 

quite different than that studied with coupons.  Recent 

experiments [11] to explicitly compare electropolishing 

behavior of cold-worked coupons to that of annealed 

coupons suggested that cold work sensitizes niobium to 

pitting when EP parameters stray from normal settings.  

Increased chemical activity due to hydrogen and hydrogen 

bubbles were plausible causes of pits.  A follow-up 

experiment [12] showed that high-vacuum annealing to 

recover cold work prior to the EP experiment improved 

this sensitivity.  Ref. [12] recommended changing the 

cavity processing sequence to put annealing ahead of 

chemical polishing as a preventative measure against 

pitting.  Unfortunately, coupon experiments such as these 

can only hint at benefits for SRF cavities, because only RF 

cavity tests give effective data about Q(Eacc).  

The discussion above stresses the avoidance of 

hydrogen during cavity processing.  Hydrogen is a negative 

agent due to the tendency to form non-superconducting 

niobium hydrides. Extensive studies since the early 1990s 

showed that holding a cavity during cool-down in the 

temperature region around 100 K can instigate Q-disease in 

cavities loaded with hydrogen [8–10].  Upon cooling from 

300 K, the Nb-H phase diagram [13] indicates a loss of 

solubility of hydrogen in Nb and the formation of at least 3 

or more hydride phases.  Very recent in-situ microscopy 

observations [14, 15] of materials specifically taken from 

cavity fabrication and processing streams confirmed the 

appearance of very large, ~0.1 mm, hydride precipitates 

during cooling below 140 K.  These observations also 

noted that the appearance of large precipitates did not 

depend on strain or details of chemical processing when 

hydrogen content is sufficiently overpowering.   

Curiously, small secondary precipitates appeared 

along with the large precipitates after cooling below 90 K 

in [15], and upon warming and re-cooling these locations 

became large precipitates at 140 K.   The previous 

locations of large precipitates did not grow as prominently 

during the second cool-down, and instead small 

precipitates were co-located with the ―skeleton‖ [15] of the 

former precipitates.  Evidently, there is a subtle interaction 

between material history and hydrogen transport, where 

plastic deformation caused by precipitate seeds, 

mobilization of hydrogen during warming to room 

temperature, and growth of pre-existing seeds into large 

precipitates, takes place.  Very small precipitates not 

visible to visible light microscopy in [15] were deduced in 

the residues of large precipitates, perhaps nucleating along 

the dislocation networks as seen in [16].    The small 

precipitates could be suppressed by baking in vacuum at 

120 °C for 48 h, which connects them with loss of Q at 

high EA as considered in [17].  Among the many 

discussions of this remedy in the literature, [18] proposes 

de-binding of hydrogen-vacancy complexes and the 

initiation of dislocation climb, which could have a 

profound effect upon hydrogen transport and the ability of 

hydrogen reservoirs, even those hundreds of micrometers 

below the surface, to be tapped by growing precipitates.   

Small needle-like precipitates can form in 

intragranular Nb regions very quickly [19].  Their growth 

can be slowed by the tendency for H atoms to become 

trapped near other interstitial contaminants [20, 21, 22], so 

ripening should, therefore, be slower in the near-surface 

region where oxygen is more abundant.  Also, since 

interstitial hydrogen creates an elastic strain on the niobium 



lattice [23], it is energetically favorable to harbor hydrogen 

along dislocations and grain boundaries, which could make 

them preferred locations for precipitates.  This is a known 

mechanism of hydrogen embrittlement, for example [24].  

By recovering and recrystallizing the metal, high-

temperature vacuum annealing not only removes hydrogen 

but should also dramatically rearrange the locations for  

hydrogen storage, the network for hydrogen transport, as 

well as tendencies to nucleate and grow precipitates.  The 

additional electron scattering caused by dislocations and 

interstitial hydrogen will increase the Ginsburg-Landau 

parameter, which could lead to flux penetration and 

dissipation [18, 25]. On the other hand, some electron 

scattering can be beneficial for Q [26], so it is desirable to 

tune carefully the residual amount of dislocations and 

interstitial hydrogen, or make use of a third agent to 

provide electron scattering [22, 27–31].  Once collected in 

a precipitate, hydrogen becomes less effective for electron 

scattering, so anything that traps hydrogen in interstitial 

locations is important for cavity quality factor. These are 

nanostructural aspects that have not been approached 

before in the context of the metallurgical state of the cavity 

and its influence on chemical polishing and vacuum 

annealing. 

The exact amount of hydrogen loading as a 

function of polishing time and material temper has never 

been systematically investigated, nor has re-arrangement of 

the sequence above to place annealing ahead of polishing 

as a preventative measure.  Absorption of hydrogen caused 

by chemical polishing of annealed, well-recrystallized 

niobium has been broadly studied [32–36], where the 

strong affinity of niobium for hydrogen has been noted.  

Left in air at room temperature, freshly annealed niobium 

will readily absorb hydrogen [36], creating a baseline 

concentration of between 0.6 and 1.2 at.% H, depending on 

other interstitial impurities and the ability of the surface 

oxide to block diffusion.  Thus, de-gassing heat treatments 

do not produce a permanent state of the metal. 

In this paper, we consider chemical polishing (both 

EP and BCP) and vacuum annealing as is commonly 

applied to SRF cavities for a series of niobium bars with 

different degrees of cold work.  We use resistivity 

measurements, in particular at 11 K, to assess small 

changes in electron scattering due to interstitial hydrogen, 

dislocations and other structural defects, and other 

impurities.  Here, we rely on the rapid diffusion of 

hydrogen in niobium at room temperature to re-distribute 

hydrogen from the surface polishing region throughout the 

rest of the material.  Other potential interstitial 

contaminants from polishing remain confined to the 

surface and do not contribute to the resistivity 

measurements until annealing facilitates their diffusion into 

the bulk.  Also, jumps in resistivity can be observed during 

temperature sweeps to verify the formation of hydride 

precipitates.  In the next sections, we describe the 

experiment and present a discussion of the results in the 

context of changes relevant for SRF cavity technology.  

We then look more deeply into the plausible material 

changes that might occur at each stage of the experiment, 

and we infer how the cavity processing regimen might be 

improved along the lines of the questions asked earlier in 

this section. 

2. Experimental procedure 

2.1. Overview of the experiment 

This sub-section presents a general description of the 

experiment.  Details about the different segments of the 

experiment are provided in sub-sections that follow.  The 

overall sequence of the experiment is:  

 

1. Many samples were cut from fine-grained annealed 

sheets or from within a single grain taken from a 

niobium ingot slice.  A first round of resistivity 

measurements was acquired, denoted by 1.   

2. Groups of samples each were given a certain 

amount of cold work by elongation in a tensile 

tester.  A second round of resistivity measurements 

was made for these strained samples, denoted by 

2.   

3. Ensembles of samples across the range of strain 

values (1 unstrained plus 1 from each strain group) 

were chemically polished together in the same 

bath.  Four such ensembles were processed by EP.  

Two additional ensembles were processed by BCP.  

A third round of resistivity measurements was 

subsequently made for the as-polished samples, 

denoted by 3.  Some samples were not given 

polishing as a control group. 

4. Strained and polished samples, as well as some 

samples that were strained but not polished, were 

collectively annealed under high vacuum in the 

same oven used to anneal SRF cavities.  A fourth 

round of resistivity measurements was made to the 

as-annealed samples, denoted by 4. 

5. Most samples were collectively re-annealed as in 

step (4).  A fifth round of resistivity measurements 

was made, denoted by 5. 

2.2 Sample preparation 

Most samples were taken from two cavity-grade Nb sheets 

taken from a lot actually used to make SRF cavities. The 

quality certification for the lot indicated compliance with 

standard specifications, with sampled oxygen concentration 

lower than 40 mass ppm, carbon and nitrogen each < 30 

mass ppm, and hydrogen concentration lower 3 mass ppm.  

Except for tantalum (260 mass ppm), metal impurities were 

below 50 mass ppm.  The quality certification indicates 

RRR of 293 and 297 for the two samples taken; our 

measurements show RRR of 302 and 305 for the actual 

sheets used.  The fine-grain (FG) sheets were fully 

recrystallized with a grain size of approximately 35 µm.   



To better evaluate the role of grain boundaries, 

additional samples were cut from within a single grain 

obtained from a niobium ingot slice.  These single crystal 

(SC) specimens were then extracted from the interior of 

grains ~100 mm in span, such that entire specimens 

consisted of a single crystal.  No effort was made to 

identify the crystallographic orientation of the specimens, 

or align them with certain orientations. 

Electrical discharge machining (EDM) was used to cut 

samples, using a digitally manipulated cutting stage.  The 

dimensions of the samples were 2.5 mm × 2.9 mm × 75 

mm.  The first number indicates the width dimension of 

each cut, which was accurate to an uncertainty of 0.075 

mm (3%).  This introduces the largest uncertainty in the 

resistivity measurement. Care was taken to support the soft 

samples against any bending.  The residues of machining 

were removed by swabbing with a solvent. 

The tensile elongation took place with available loads 

up to 4500 N using a standard mechanical testing machine.  

Samples were clamped at both ends, over 66% of the 

sample length.  This ensured that the deformed region 

would span the voltage taps in resistance measurements, 

but not the region where current leads were connected.  

The elongation rate was kept within recommended limits 

for tensile testing of pure niobium, < 2% per minute.  The 

plastic elongations, defined as the incremental increase of 

length between the clamp points relative to the initial 

length, were 12%, 27%, 35% and 50%.  

2.3. Resistivity measurements 

Resistance was measured by the same 4 point procedure, 

and with the same apparatus, that is used for quality control 

of niobium sheets for SRF programs [36, 37] (see also 

[39]).  

One sample is measured at a time. The sample is 

mounted against a copper block, separated by a thin 

insulator. In the middle of the copper block is located a 

thermometer that is specially selected for temperature 

range studied and calibrated periodically.  Clamps with 

contact area greater than 1 mm
2
 make current connections 

to the samples to ensure minimal contact heating.  The 

design of the current contacts produced a contact resistance 

of less than 10 m.  Spring-loaded pin connectors were 

used for voltage taps.  The strength of the spring was 

sufficient to slightly deform the sample beneath the pin, 

ensuring that any surface oxides are penetrated.  The 

voltage taps span the central 25 mm of the sample, based 

on a guideline of 10 sample thicknesses in separation from 

the current contacts to ensure heat deposited at the current 

contacts will be sunk to the copper block.   

The entire assembly of sample, copper block, and all 

contacts are enclosed in a brass can.  The can is attached to 

a long probe that is lowered vertically into a helium 

cryostat.  Cooling to below 6 K requires less than 10 

minutes without excessive boil-off of liquid helium.  The 

measurement is typically made upon warming, with heat 

being provided by raising the can progressively higher 

above the cryogen until the temperature reaches ~200 K 

with the can near the top plate of the cryostat.  At this point 

the can is extracted and the measurement is completed with 

the can in room air.  The sample orientation in the cryostat 

is vertical, which means that vertical thermal gradients in 

the cryostat could incite temperature gradients along the 

sample. However, the dimensions of the copper block and 

its high thermal conductivity are chosen to greatly reduce 

thermal gradients.  A temperature offset also exists 

between the sample and the copper block due to the thin 

insulator between them.  The superconducting transition of 

niobium is used to account for temperature uncertainties: 

When the sample is warmed, heat is conducted to the 

sample mostly via conduction from the copper block, so 

the resistive transition associated with the loss of 

superconductivity is typically measured between 9.4 and 

9.6 K, even though the critical temperature of high-purity 

niobium is 9.23 K.  However, because the slope of 

resistance vs. temperature is low in this temperature range, 

an uncertainty of 1.0 K temperature produces an 

uncertainty of 1 × 10
-11

 m for samples with the lowest 

strain and 3 × 10
-11

 m for samples with the highest strain.  

As we be apparent when the data is discussed later, this 

uncertainty is about 2% to 3%.  A transition temperature 

higher than 9.75 K will invalidate the measurement.  

A precision bipolar current source is used to supply 

current and a sensitive nanovoltmeter is used to acquire 

voltage signals.  The thermal settling time of the apparatus 

and the filter settings of the voltmeter determine the best 

parameters for acquiring voltage vs. temperature data, 

which is converted to resistivity vs. temperature.  During 

initial 10-minute cool down, a current of 90 mA and 3 sec 

time interval between measurements were used as a fast 

method to monitor resistivity changes due to the formation 

of hydride precipitates.  Detailed data were acquired upon 

warming with a current of 1 A and 15 sec between 

measurements.  The current was chosen to produce 

microvolt signals at the transition.  Each measurement 

consisted of a forward and a reverse current pulse (current 

was off during intervening time), from which data 

acquisition software subtracted any thermal voltages.  The 

temperature sweep through 6–13 K was typically measured 

over 10 minutes, and the room-temperature resistivity at 

290–296 K was measured over 5 minutes.  These 

parameters we empirically found to minimize noise near 

the transition, which is related to leveling of thermal 

gradients. In between these regimes, the warming sweep 

took place over approximately 30 minutes time.   

The acquired ρ(T) curves could be analyzed according 

to Matthiessen's rule.  A clear ―knee‖ in the data was 

observed at 30-50 K, where electron scattering by phonons 

takes over from electron scattering by defects and 

impurities.  This provided a clear interpretation of the 

residual resistivity from the data sets.  Moreover, the slope 

of resistance with temperature below 15 K was low enough 



to reduce uncertainties due to thermal gradients and 

temperature offsets to < 3% as mentioned earlier. 

2.4. Chemical polishing 

Electropolishing took place in a coupon polishing 

apparatus described previously [11].  An ensemble of 

samples was polished at the same time to avoid run-to-run 

variations.  Freshly mixed electropolishing solution (the 

standard 9:1 ratio of 98% sulfuric to 49% hydrofluoric 

acid) was used.  Temperature was controlled by re-

circulating the electrolyte through a heat exchanger 

immersed in a separate bath. Temperature was held 

constant at 30 
0
C. Voltage and current density were 

adjusted to produce level polishing at a rate of 0.5 

µm min
-1

, which is comparable to cavity polishing. The 

amount of material removed was determined by weight and 

thickness measurements before and after EP.  Some 

variation of removal was noticed along the length of the 

samples, presumably due to variation in local currents or 

local stirring near the samples. 

BCP took place in a beaker using pre-mixed and pre-

chilled acid and an external ice water bath.  Temperature 

was kept below 12 °C.  The etching rate was approximately 

1.0 µm min
-1

 at this temperature, with the actual amount of 

material removed being determined by mass and thickness 

measurements.  For both EP and BCP samples, rinsing 

took place in ultra-high purity water, after which coupons 

were dried under nitrogen gas and sealed in polyethylene 

bags to prevent exposure to atmosphere.  

2.5. High-temperature, high-vacuum annealing  

Annealing at 800 °C for 2 hours took place in the same 

oven used for cavities, following the established 

temperature-time and evacuation protocol used for cavities.  

No cavity or other parts were baked concurrently with the 

samples.  The base pressure of this furnace is below 1.3 

nPa (10
-8

 torr).  After samples were loaded and the base 

pressure established, temperature ramp was 10 °C min
-1

.  

During the 800 °C plateau, pressure in the chamber 

remained stable at values around 13 nPa (10
-7

 torr).  

Furnace cooling required about 16 h.  Room temperature 

venting was with argon before extracting the samples.  All 

stages of the heat treatment were monitored with a residual 

gas analyzer. 

3. Results 

3.1. Results for fine-grained samples 

3.1.1. General trends at 11 K.  The residual resistivity at 

11 K is most sensitive to the changes taking place in the 

samples, so we focus on these data first. After step 3, a 

matrix of individual data sets is defined, as indicated in 

Table I.  Together, the data show some interesting general 

trends for the fine-grained samples (see Figure1): 

 

1. Resistivity (2) increases linearly with strain.  This 

result is consistent with earlier studies, e.g. [40], 

where proportional increase of ρ with dislocation 

concentration in niobium was established.  Using 

the proportionality constant from [40], dislocation 

concentrations could be extracted from the Δρ21 = 

2 – 1 values for our samples.  These values range 

from 0 to 40 × 10
14

 m
-2

 for 0 to 50% strain.  For 

comparison, the starting grain boundary density of 

fine-grained specimens is approximately 10
9
 m

-2
. 

2. For strained samples given chemical polishing, 

resistivity 3 is above value of 2.  The amount of 

incremental increase, 32 = 3 – 2, increases with 

the amount of chemical polishing.  Since hydrogen 

uptake is also associated with polishing duration 

[33, 35], it can be inferred that  is related to 

hydrogen absorption.  

3. The primary source of electron scattering is 

dislocations, since for all samples the increase of 

resistivity due to strain, 21 = 2 – 1, is 

significantly higher than the additional incremental 

increase due to chemical polishing, 32 (see 

Figure 1). 

4. Resistivity does not increase substantially for the 

annealed sample with EP time.  

5. The amount of incremental resistivity increase, 

32, also increases with strain present in the 

sample.  That is, strain appears to accelerate the 

resistivity increase.  If the resistivity increase is 

related to hydrogen uptake, then it can be inferred 

that the dislocation networks associated with strain 

assist the uptake of hydrogen.   

 
Figure 1. General trends of resistivity at 11 K are shown, along 

with a graphical definition of the resistivity changes discussed in 

the text for the specimen with 50% strain, as exemplified by the 

data for the sample series for 180 µm material removal by EP.  

The horizontal dashed line represents the value of 1.   



6. Annealing at 800 °C produces substantial reduction 

of the resistivity, with 4 values being significantly 

lower than the corresponding 3 values for the 

same sample.  Values of 4 do not return to the 

value of 1, however, and often lie close to the 

value of 2, indicating that removal of strain is not 

complete and that some contaminants may have 

been introduced during the anneal. 

7. Repeating the annealing step produces an 

additional resistivity increase, with 5 > 4 in all 

cases.  This may be due to the further penetration 

of interstitial contaminants, which enter from the 

surface, into the bulk.  Since the incremental 

change 54 = 5 – 4 is always positive, there is 

no evidence for further removal of either 

dislocations or hydrogen by the second annealing.  

Also, since 54 is somewhat higher for samples 

with higher strain, it is plausible that other 

contaminants also use the residual network of 

dislocations to move from the surface (where the 

effect on measured resistivity is small) into the 

metal bulk. 

 

3.1.2. Estimation of hydrogen uptake and removal. 

Hydrogen uptake can be estimated from the ratio 32/2.  

Westlake [41] noted that the incremental increase of 

resistance R/R at 298 K shared a linear relationship with 

the content of hydrogen extracted by vacuum from a 

loaded sample.  Here, R is the resistance of the unloaded 

sample, and R is the difference between resistance values 

before and after hydrogen loading.  Westlake’s 

proportionality constant was [H%]  20R/R.   Isagawa 

[36] noted a similar linear slope at 285 K and 77 K, and in 

addition obtained data at 9.5 K for annealed Nb, showing 

[%H]  8.5R/R.  Isagawa also indicated an intercept of 

0.65% H, which we take into account here. The 

uncertainties noted by Isagawa introduce the main 

uncertainties in our hydrogen estimate. If we assume that 

these results are applicable to cold-worked samples as well 

as annealed samples (we will discuss the validity of this 

assumption shortly), then by placing our values of 32/2 

Table 1.  Measured values of resistivity at 11 K, in units of 10
-11

 m, for specimens taken from a fine-grained niobium 

sheet.  The values prior to polishing are an average of the measurements for each strain group.  For the chemically polished 

samples, the values of 3, 4, and 5 are shown in sequence.  



Removal Step Strain 

(µm)     0% 12% 27% 35% 50% 

None 1 or 2 49 56 71 82 96 

None 4 50 50 56 58 65 

       

EP:  20 3, 4, 5 49, 50, 55 56, 51, 56    82, 60, 65 100, 66,   76 

  80 3, 4, 5 49, 51, 57 57, 55, 61    86, 67, 76 103, 74,   87 
140 3, 4, 5 50, 55, 65 61, 60, 70    92, 72, 85 113, 86, 102 
180 3, 4, 5 51, 55, 66 65, 61, 74    98, 80, 96 126, 94, 112 

       

BCP:  120 3, 4, 5 49, 49, 58 55, 54, 63 78, 60,   72   91,   69,   82  

230 3, 4, 5 60, 54, 67 70, 65, 87 89, 69, 109 123, 104, 128  

 

 
Figure 2. Plots describing the hydrogen content converted from 

the observed resistivity change are shown.  In (a), data acquired 

at room temperature are plotted, and the hydrogen concentration 

indicated on the right vertical axis is taken from the linear trend 

noted by [41] and subsequently by [36].   In (b), data acquired at 

11 K, which was summarized in Table 1, are plotted, and the 

hydrogen concentration indicated on the right vertical axis is 

based on the linear trend noted by [36] at 9.5 K.  The intercept 

noted in [25] is also included here. 



onto the slope identified by Isagawa, the percentage of 

hydrogen can be estimated.  These ratios and their 

conversions to [H%] are shown in Fig. 2 for resistivity data 

acquired at 298 K as well as at 11 K.  Somewhat less 

hydrogen, e.g. 3% vs 5% for 50% strain and 180 µm 

removal, is indicated at 11 K than at 298 K, which we 

attribute to hydrogen being confined in precipitates, as 

previously asserted by Isagawa.   

The analysis above can be extended to all of the fine-

grained specimens, which results in an overall surface 

relating [H%] extracted from 32/2 to strain and 

polishing time.  This is presented in   Fig. 3.  Here, we only 

present the data for EP and we use the 32 and 2 values 

at room temperature, close to the temperature where actual 

cavity polishing is performed.  Notice that this surface 

increases steeply for strain or polishing combinations 

above the contour corresponding to ~1.5 % H and 

connecting ~80 µm polished at 50% strain to ~180 µm 

polished at 20% strain.  The coordinates for cavity cells, 

about 40% strain and 150 µm material polished, lie above 

this contour, indicating that dislocations should 

significantly assist hydrogen uptake in typical SRF 

cavities.  On the other hand, for strain or material removal 

below the ~1.5% H contour connecting 20 µm polished, 

40% strain, and 150 µm polished, 0% strain, there is hardly 

any change compared to the original annealed sample.  

Here, it is noteworthy that many cavities receive a final 

―light‖ EP that removes ~20 µm of material, and this is 

performed after the cavity has been annealed. This 

processing step would take place at or below this lower 

contour.  Also, the strong slope at ~150 µm material 

polished suggests that removing strain before heavy 

polishing can be an effective way to limit hydrogen uptake. 

Based on other studies of niobium (as summarized in 

[7]), the heat treatment given is expected to fully recover 

the metal and produce polygonal, equiaxed grains.  This is 

equivalent to the starting material condition.   However, in 

no case does 4 return to the starting condition 1, and a 

finite residue 41 = 4 – 1 remains.  There are 2 primary 

contributions to this residue: pockets of retained 

dislocations [7], and interstitial impurities diffusing inward 

from the surface.  The residual cold work alone is indicated 

by 24 = 2 – 4.  Notice that 24 is an increasing 

function of strain in table 1.  Evidently, 800 °C does not 

provide enough thermal energy to produce a 

recrystallization rate fast enough to remove all residues of 

strain, despite the availability of energy stored in the 

deformed material.  The residue after simultaneous 

recovery and de-gassing can be expressed by 34 = 3 – 

4.  Interestingly, 34 shows weak if any dependence on 

the amount of, or type of, chemical polishing, and the 

values scatter around the value of 24.  Values of 34 are 

plotted as a function of material removal by EP in Fig. 3(a) 

for the different groups of cold work. This emphasizes the 

effective de-gassing of the anneal.   

 
 

Figure 3. A surface plot estimating the amount of hydrogen absorbed by specimens, as functions of material removal and strain, is 

shown.  As described in the text, the hydrogen content was estimated from 32/2 at room temperature using the linear relationship 

found in [36] and [41].   



For 0% and 12% strain, the electron scattering by 

dislocations is less than or comparable to that caused by 

impurity atoms.  Here, 34 is slightly negative, which is 

due to diffusion of trace contaminants from the surface into 

the bulk.  We surmise that the large cavity oven, which is 

not designed or intended for annealing small samples, 

produced an environment local to the samples richer in 

contaminants than evidenced by the RGA data.  It is also 

plausible that dissolution of the surface oxide contributes 

interstitial contaminants at the level of scattering seen.  

This trend continues for further annealing, with 5 > 4 for 

all samples. In this case, the difference 54 = 5 – 4 has 

weak dependence on chemical polishing time.    This is 

shown in Fig. 3(b). Here the values 54 for the samples 

which received BCP were substantially higher than the 

samples which received EP. 


3.1.3. Temperature-dependent resistivity data 11–300 K. 

The resistivity curves acquired over the entire temperature 

range are also instructive.  The temperature-dependent data 

sets 1(T) were virtually identical since the samples all 

came from a single sheet of niobium.  Likewise, for each 

value of tensile strain , similar values of 2(T) was 

recorded from sample to sample. 

The 3(T) data for the most heavily polished samples 

showed changes in the slope of resistivity between 50 and 

150 K.  By contrast, neither the 2(T) nor the 4(T) data 

display such changes, and also the 3(T) data for mild 

polishing did not display noticeable slope deviations.  This 

suggests that the formation of hydride precipitates, which 

is known to occur around 100 K [13, 42], is the cause of 

the resistivity changes in the 3(T) data for the heavily 

polished samples.  These transitions are most evident when 

both 3(T) and 4(T) data are plotted together, as shown in 

Fig. 4(a) and Fig. 4(b).  

Evidently, the formation of hydride precipitates 

contributed significant additional scattering between 50 

and 150 K for stage 3 of the experiment.  This is 

emphasized in Fig. 4(c).   Isagawa [36] and Westlake [41] 

both reported a drop of resistance upon the formation of 

precipitates, which occurred after the niobium metal 

became saturated with hydrogen.  In their annealed 

samples, the ordering of hydrogen in precipitates was 

thought to result in electrical pathways through conductive 

hydrides with overall conductivity comparable to that of 

the clean niobium metal, in contrast to the higher scattering 

for random solution of hydrogen in niobium prior to 

ordering.  In our samples, electron scattering is dominated 

by dislocation networks.  Since the deviation in Fig. 4(c) is 

higher for the samples with higher strain, we speculate that 

hydride precipitates form along the dislocation network 

and enhance their scattering fields.  Location of hydride 

precipitates along such networks is consistent with 

mechanisms of hydrogen embrittlement in metals [24, 43] 

as was mentioned in the introduction. 

 

3.2.  Single-crystal results 

The presence of grain boundaries should affect the 

removal of dislocations during the annealing and recovery.  

In order to investigate interaction between grain boundaries 

and hydrogen, single-crystal bars were submitted to the 

same experiment, using strains of 0%, 12% and 30% and 

applying EP for 150 and 405 minutes (80 µm and 180 µm 

material removed).  The results are compared to fine-

grained bars in Figure 6.   Approximately the same rate of 

hydrogen uptake was seen, as shown in plot (a) from the 

resistivity increase 32/2. We speculate that the offset for 

the 0% sample indicates an amount of work stored in the 

single crystal samples due to the ingot slicing, which was 

not recovered prior to chemical polishing. The RRR of the 

single crystals, 221, was slightly lower than that of the 

fine-grained bars, but not so different as to impart a large 

contribution from other interstitial impurities. It is also 

possible that the cutting method itself introduced hydrogen.  

If true, the value of 2 should then include effects of 

 
Figure 4. Changes in resistivity at 11 K during recovery are 

described in these plots.  In plot (a), the difference between 

stages 3 and 4 of the experiment is plotted as a function of the 

amount of chemical polishing by EP, for different groups of 

strain.  The negative values for the 0% data indicate higher 

resistivity at stage 4 than at stage 3, as discussed in the text.  In 

plot (b), the changes in resistivity between stages 5 and 4 are 

plotted as a function of material removed by EP for the different 

strain groups.   



hydrogen loaded into the sample by cutting.  Upon 

annealing, the change in resistivity 32 could then be 

higher because hydrogen loaded by the cutting technique, 

in addition to hydrogen loaded by chemical polishing, 

could be removed from the sample.   

It is interesting, however, that the single crystal 

specimens have lower slopes of resistivity increase with 

strain, and different rates of recovery, than the fine-grain 

specimens do.  Different resistivity increase with strain was 

noted in [39], and the slopes in plots (b) and (c) of Fig. 5 

are consistent with those earlier data.  The different slopes 

may reflect the contribution of grain boundaries in the fine-

grain specimens to the resistivity.  Hydrogen residing in 

grain boundaries can then increase their electron scattering.  

The changes observed upon annealing are more sluggish 

for SC bars than the FG specimens.  In Fig. 5(b) for single 

crystals that received 80 µm of polishing, the stage 4 

resistivity returns to the stage 2 value, but does not fall 

below the stage 2 trend.  Whereas, the recovery for the 

corresponding fine-grained specimen resulted in a stage 4 

resistivity well below the stage 2 trend (the reader should 

take note of values in table 1 not plotted in Fig. 5(b)).  In 

Fig. 5(c) for single crystals that received 180 µm of 

polishing, hardly any reduction in resistivity is observed 

after the anneal.  Thus, while grain boundaries with 

hydrogen appear to add electron scattering in FG samples, 

they also appear to permit more effective removal of 

scattering locations, probably dislocations, by the anneal.    

 

4. Discussion 

It is well known that dislocation networks can assist 

diffusion of atoms, particular interstitial impurity atoms H, 

C, N, and O.  Diffusion short-circuiting by dislocation 

networks has been observed for many metals, both single 

grain and polycrystalline [44–46].  These general qualities 

apply to niobium, where hydrogen uptake appears to be 

assisted by the dislocation networks produced during cold 

work. 

The appearance of strain-polishing coordinates 

associated with an upturn in hydrogen absorption, Fig. 2, is 

an important result.  Since SRF cavities combine a strain 

state and a material polishing requirement that locates 

above the upturn, the propensity for hydrogen absorption is 

higher than might be predicted from coupon studies.  

Solutions to this problem are to reduce cold work, reduce 

chemical polishing, or reduce both.  That is, by applying 

annealing ahead of chemical polishing, significant 

reduction of hydrogen uptake can be achieved, perhaps to 

the point where the usual vacuum de-gassing anneal can be 

omitted altogether.  Perhaps the material removal 

requirement can be reduced as well.  This could be an 

important cost-savings route:  Annealing requires modest 

resources, since it can be done by batch and unattended by 

workers.  Whereas, chemical polishing is hazardous and 

requires constant attention of highly trained specialists, due 

to the need for hydrofluoric acid to solvate niobium salts.    

A second interesting result is the agreement in 

resistivity changes between different types of chemical 

polishing.  The data for BCP in Table 1 align quite well 

with the data for EP, both in the magnitude of resistivity 

changes and in the quantitative trends.  While there should 

be differences in the availability of hydrogen based on the 

differences in chemical processes [33], evidently these 

differences do not show up in this experiment.   

 
Figure 5. Stage 3 and stage 4 resistivity are plotted together as 

a function of temperature for different strain values and for 180 

µm material removal by EP in plots (a) for 50% strain, and plot 

(b) for 35% strain.  In plot (c), data were subtracted to 

emphasize the changes seen in the temperature range where 

hydride precipitates are known to form.   



A third important result is evidence that the effects of 

hydrogen are additive to those of dislocation networks.  

This immediately suggests that a primary advantage of the 

800 °C vacuum anneal is to greatly reduce the dislocation 

density.  Here, grain boundaries may play an important role 

as sinks for dislocations during annealing, which helps to 

reduce the dislocation population for a given anneal time.  

By contrast, single crystals do not have this sink, and 

would tend to retain a higher population of dislocations for 

the same heat treatment parameters.   

A fourth result is the increase of resistivity resulting 

from the transition through the 90–140 K regime where 

hydride precipitates form.  Strong drop of resistivity was 

noted by Isagawa [36] and Westlake [41] when precipitates 

formed, for samples in a starting annealed state.   Isagawa 

and Westlake both noted that, above 140 K, hydrogen 

starts as a random solid solution in niobium metal.  

Electron scattering is provided by the strain field around 

the interstitial atoms [47, 48] and some charge transfer 

from the H atom to the Nb lattice [47, 49].  Upon cooling 

and precipitate formation, these strain fields are largely 

removed, leading to resistivity drop.  In our experiment, 

dislocations appear to provide pipelines for rapid hydrogen 

penetration of the interior.  It is possible that hydrogen then 

diffuses outward from these networks into the surrounding 

niobium metal.  However, strain energy increases as 

interstitial hydrogen enters the niobium lattice [47].  This 

leads us to believe that, in cold-worked samples above 

140 K, dislocations instead provide stable traps for 

hydrogen, which results in a swelling of the dislocation 

strain fields with increasing hydrogen content as indicated 

by neutron scattering studies [50–53].  Then, in view of 

[15], we surmise that the resistivity increase in the 90–

140 K region may be due to the formation of small 

precipitates all along the dislocation network. 

Earlier, we applied the initial slope found by Isagawa 

to ascertain the hydrogen concentration associated with the 

resistivity change 32/ρ2.  Since the dislocations are the 

primary electron scattering sites in the cold-worked metal, 

and since the enhancement of scattering by hydrogen 

absorption appears to arise from increase in the strain field 

for either annealed or cold-worked samples, we feel 

justified in extrapolating hydrogen content from the 32 

data using the initial slope found by Isagawa.  Actual 

vacuum extraction measurements of hydrogen content were 

not attempted to validate this approach further.  Vacuum 

extraction was used by Isagawa. 

It is also interesting that signatures of hydride 

precipitates showed up in sample tests (Fig. 5), where the 

time spent in the incubation temperature range was several 

minutes.  This is significantly shorter than the long holding 

time at 100 K used to test for Q-disease in cavities, but it is 

consistent with direct observations [14, 15, 19].  If our 

discussion point above, that hydrogen remains strongly 

associated with dislocation networks upon cooling, is valid, 

then this discrepancy of precipitation rate is curious. The 

reasonable explanation might be the importance of the size 

of nucleated hydride. The resistivity jumps may be 

associated with small hydrides nucleated instantly along 

the dislocation networks. Whereas, the large precipitates 

connected with Q-disease requires growth over time. Ref. 

[15] reported a logarithmic growth rate with a time 

exponent of 0.8.   

  
Figure 6. Hydrogen absorption at room temperature deduced 

from the change in resistivity is compared for fine grain (FG) 

specimens and single crystal (SC) crystals for two different 

amounts of EP in plot (a).  The conversion from [41] was 

applied, as used for Fig. 2. Unknown deformation due to ingot 

slicing to obtain the 0% SC samples was not removed by 

annealing prior to chemical polishing.  Plots (b) and (c) repeat 

the sequence shown in Fig. 1, for 80 µm and 180 µm material 

removed, respectively.  Also plotted are the corresponding 

stage 2 (×) and stage 4 (+) data for the FG samples with the 

same material removal.  



We note that the cavity tests sample only the near-

surface region of metal, whereas resistivity measurements 

probe the bulk and are weakly sensitive to the surface 

impurities.  On the other hand, we think similar processes 

of hydride precipitation are occurring both at the surface 

and within the bulk, so the insights gained from the 

resistivity measurements are important for understanding 

electron scattering near the cavity surface.  We were 

surprised by two results in [15], first that the sites where 

large precipitates formed when first cooled to 140 K did 

not re-emerge as large precipitates upon warming to room 

temperature and cooling a second time; and, second, that a 

secondary precipitate stage occurred at 90 K which, upon 

warming and re-cooling, became the locations for primary 

precipitation at 140 K.  The authors suggested that 

dislocations trap hydrogen in Cottrell atmospheres around 

them, which disperses hydrogen in many small precipitates 

such as the ―skeletons‖ of the large precipitates from the 

first cool-down.  We agree with this idea, since our 

resistivity measurements indicate an increase of electron 

scattering between 90 and 140 K that depends on the 

amount of strain.  The secondary precipitation phase could   

then indicate phases that form more slowly with the 

residual hydrogen content remaining after the 140 K stage.  

Ref. [16] observed at least 3 different hydride phases by 

cooling in-situ in an electron microscope to 77 K, so it is 

also possible that the 90 K stage involves precipitates with 

different structure and composition than -NbH.  

Evidently, warming to room temperature re-distributes 

hydrogen in the specimen, which then permits the 90 K 

seeds to grow at 140 K during the second cool-down.  We 

do not know to what extent the dislocation network affects 

this hydrogen re-distribution. Since the ―blisters‖ left 

behind by large precipitates appear to be regions of plastic 

deformation, there must be new dislocations formed.  Yet, 

the new dislocations are not capable of pinning down the 

same amount of hydrogen during the second cool-down.  

Perhaps this is because the Cottrell clouds are much 

smaller at room temperature, and the dislocation network 

instead behaves like a pipeline for hydrogen transport.  

These are important questions to clarify with future studies, 

since dislocations also connect the surface with hydrogen 

sources and sinks located deeper in the bulk and away from 

the RF currents.   

In our experiment, a second annealing time was 

required to diffuse surface impurities deep enough into the 

bulk to affect 5, so we conjecture that there is a zone of 

increased contamination by oxygen and perhaps carbon 

and nitrogen just below the surface.  The positive slope in 

Fig. 4(b) suggests that contaminants use the residues of the 

dislocation network.  Vacancies can also be injected by the 

EP process [54, 55], and they should be included in this 

zone.  All of these additions create traps for, and 

complexes with, for hydrogen atoms [20, 56].  Since 

hydrogen diffusion should then be slowed by trapping in 

this zone, growth of any precipitates that nucleate, even 

those nucleated on dislocations, occurs much more slowly 

if at all.  Re-supply of hydrogen to the surface from the 

deeper bulk might not overcome these trapping effects.  

With this in mind, repetition of these measurements with 

lower grades of niobium, which have 10 times higher 

interstitial impurity concentration, would be interesting if 

the resistivity changes due to hydrogen uptake can be 

detected above the high background scattering.  

 

5. Conclusions 

 

An experiment was conducted to investigate the 

combined effects of cold work and chemical polishing on 

SRF cavity-grade niobium bars.  Resistance measurements, 

especially at 11 K, were found to be sensitive to the 

different material states and were therefore used to probe 

quantitatively these effects as functions of strain (tensile 

elongation) or polishing time.  Both EP and BCP were 

investigated, and strain varied from 0% (as-received 

annealed condition) to 50%.   

While cold work provided a strong increase of the 

11 K resistivity approximately proportional to the amount 

of strain, additional increase of resistivity at 11 K was 

observed after chemical polishing.  Based on previous 

work on annealed coupons, the change in resistivity could 

be associated with the concentration of hydrogen absorbed 

during polishing.  Up to 5% hydrogen was absorbed in the 

most heavily polished samples at room temperature.  The 

uptake of hydrogen was not linear, and instead displayed 

an upturn for polishing-strain combinations between 80 µm 

polished at 50% strain to 180 µm polished at 20% strain.  

This contour represents approximately 2% H absorbed 

during EP.  Importantly, the coordinates for SRF cavities 

lie above this threshold for accelerated absorption, being 

150 µm or greater material polished and 35% or more 

strain imparted during deep drawing of half cells (the local 

strain varies with location).  Since SRF cavities are 

chemically processed without removing the cold work 

during forming operations, it can be concluded that they 

are rather highly susceptible to hydrogen absorption.  

Furthermore, the present experiment did not uncover strong 

differences between EP and BCP, and both processes were 

found to contribute hydrogen according to the strain state 

of the specimen. 

By contrast, uptake of hydrogen was very low below 

polishing-strain combinations of 20 µm polished, 40% 

strain, and 180 µm polished, 0% strain, with less than 0.5% 

H absorbed.  This is comparable to the amount of hydrogen 

that clean metal can absorb from ambient environmental 

exposure.  Since ―light‖ chemical polishing seeks to 

remove 20 µm of metal or less, danger of excessive 

hydrogen absorption should be low.  Moreover, ―light‖ 

chemical polishing is often applied after cavities have been 

given a de-gassing anneal. This practice is commonly used 

as a final step before cavity rinsing, assembly, and 

evacuation for testing, and its success is not surprising 



based on this study.  More importantly, since <10% strain 

is easily achieved by a recrystallization anneal, it could be 

possible to forego the high-vacuum de-gassing step if 

cavities are annealed prior to chemical polishing.  A very 

simple and cost-effective cavity procedure might thus 

emerge: anneal, polish, rinse, test.  This sequence inverts 

the present polishing paradigm. 

Vacuum annealing at 800 °C for 2 hours removed 

traces of hydrogen and most effects of strain from the 11 K 

data.  This is consistent with the present wide application 

of this procedure to de-gas hydrogen from SRF cavities 

after chemical polishing.  However, what may not be fully 

appreciated is that the full recrystallization of the metal 

removes dislocations and prevents any assistance to 

hydrogen uptake for subsequent chemical treatment.  

Moreover, evidence was found to suggest that hydrogen 

tends to associate with the dislocation network, so the 

parameters of the heat treatment might focus instead on 

removing dislocations instead of de-gassing hydrogen.   

Resistance data acquired between 11 and 300 K 

showed an increase between 50 and 140 K for the most 

heavily polished samples.  This change was attributed to 

formation of small hydride precipitates along the 

dislocation network, since collection of hydrogen into large 

hydride precipitates was previously noted to reduce overall 

scattering in annealed samples.  Hydrogen was thought to 

increase the strain field of dislocation cores above 140 K.  

The behavior of resistance samples was markedly different 

from that of RF cavities, in that signatures of hydride 

precipitates appeared after cooling over minutes, whereas 

long incubation periods are sometimes required for Q-

disease to appear in SRF cavities.   
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